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Condensin I is a five-subunit protein complex that
plays a central role in mitotic chromosome assembly
and segregation in eukaryotes. To dissect its mech-
anism of action, we reconstituted wild-type and
mutant complexes from recombinant subunits and
tested their abilities to assemble chromosomes in
Xenopus egg cell-free extracts depleted of endoge-
nous condensins. We find that ATP binding and
hydrolysis by SMC subunits have distinct contribu-
tions to the action of condensin I and that continuous
ATP hydrolysis is required for structural maintenance
of chromosomes. Mutant complexes lacking either
one of two HEAT subunits produce abnormal chro-
mosomes with highly characteristic defects and
have contrasting structural effects on chromosome
axes preassembled with the wild-type complex. We
propose that balancing acts of the two HEAT sub-
units support dynamic assembly of chromosome
axes under the control of the SMC ATPase cycle,
thereby governing construction of rod-shaped chro-
mosomes in eukaryotic cells.
INTRODUCTION
The assembly of rod-shaped chromosomes is one of the most
dramatic events occurring during the eukaryotic cell cycle, which
was observed by early cytologists in the late 19th century (Flem-
ming, 1882). This process is thought to be an essential prerequi-
site to the separation of sister chromatids at the onset of
anaphase and their subsequent partitioning into daughter cells.
Despite the long history of chromosome research, mechanisti-
cally how chromosomes might be assembled from long DNA
molecules and a myriad of associating proteins remains a big
mystery. Whereas we have gained substantial knowledge as to
the structure of individual nucleosomes, the fundamental unit
of eukaryotic chromatin, no consensus is currently available
about how the array of nucleosomes might be folded within
mitotic chromosomes (Belmont, 2006; Maeshima et al., 2010).
Whatever the possible folding processes, studies during the
two past decades or so have demonstrated that condensin I is
most likely to be the central player in the process of mitotic chro-
mosome assembly (Hirano, 2012). The five-subunit condensin I94 Developmental Cell 33, 94–106, April 6, 2015 ª2015 Elsevier Inc.complex was originally identified in Xenopus egg cell-free ex-
tracts and has later been shown to be conserved from yeast to
humans. At its core, a pair of structural maintenance of chromo-
somes (SMC) subunits (SMC2 and SMC4) forms a V-shaped
dimer in which two ATP-binding head domains are located at
its distal ends. The third subunit (CAP-H), which belongs to a
protein family known as kleisins (Schleiffer et al., 2003), bridges
the SMC head domains (Onn et al., 2007). The kleisin subunit is
then bound by the remaining two subunits (CAP-D2 and CAP-G),
both of which contain HEAT repeats, a motif found in many
eukaryotic proteins with diverse functions, including importin
b and the A subunit of protein phosphatase 2A (Neuwald and
Hirano, 2000). The tandemly repeated HEAT motifs form a
highly elastic, solenoidal shape whose conformation drastically
changes depending on binding partners or environments (For-
wood et al., 2010; Grinthal et al., 2010). The HEAT subunits are
unique to eukaryotic condensins, although the basic architecture
of SMC-kleisin is largely conserved among bacterial condensins.
Thus, it is of great interest how the HEAT subunits might
contribute to condensin functions and affect the architecture of
eukaryotic chromosomes.
Previous biochemical studies have identified several mo-
lecular activities associated with purified condensin I or SMC
dimer, including ATP-dependent positive supercoiling of dou-
ble-stranded DNA (Hagstrom et al., 2002; Kimura and Hirano,
1997; St-Pierre et al., 2009) and reannealing of single-stranded
DNA (Sutani and Yanagida, 1997). Evidence is also available
that condensin I, like cohesin, has the ability to embrace a
DNA strand(s) within its coiled-coil arms (Cuylen et al., 2011).
Although these activities illuminate the potential mechanism of
action of condensins, there remains a sizable gap between the
biochemical assays using purified components and the actual
reaction of chromosome assembly taking place under physio-
logical conditions.
In the current study, we attempt to fill the gap by establishing
powerful functional assays in which Xenopus egg cell-free ex-
tracts were combined with a panel of condensin I complexes re-
constituted from its recombinant subunits. To address the role of
the SMC ATPase cycle, we have reconstituted two different
types of mutants defective in either ATP binding or ATP hydroly-
sis. Our results show that ATP binding and hydrolysis by the
SMC subunits have distinct contributions to condensin I func-
tions. We have also reconstituted a panel of subcomplexes
that lack the non-SMC regulatory subunits one by one, demon-
strating that the twoHEAT subunits have apparently antagonistic
functions in chromosome axis assembly. Based on these results,
we propose that intricate balancing acts of the pair of the HEAT
subunits, being coupled with the SMC ATPase cycle, play a
crucial role in building and maintaining rod-shaped chromo-
somes in eukaryotic cells.
RESULTS
ATP Binding and Hydrolysis by SMC Subunits Are Both
Essential for Chromosome Assembly
We previously reported a reconstitution of human condensin
complexes from recombinant subunits using a baculovirus ex-
pression system (Onn et al., 2007). However, expression of the
SMC subunits was very poor, making it difficult to reconstitute
and purify holocomplexes with a good yield. We therefore
decided to redesign the expression constructs by using a
different source of mammalian cDNAs. We found that co-inser-
tion of mouse cDNAs for SMC2 and SMC4 into a single vector
greatly improved the expression level of these subunits and
modified protocols allowed us to obtain the five-subunit holo-
complex of condensin I with an excellent yield (Figure 1A).
The resulting complex was a chimera of two mouse subunits
(mSMC2 and mSMC4) and three human subunits (hCAP-D2,
-G, -H). We then tested the ability of the recombinant holocom-
plex to assemble chromosomes in Xenopus egg cell-free ex-
tracts. In this experimental system, sperm chromatin was
directly incubated with metaphase extracts to assemble a clus-
ter of single-chromatid structures (Hirano and Mitchison, 1994).
Figure 1B (upper) shows an example assembled in control ex-
tracts. As expected, the cluster of chromosomes was labeled
with an antibody against Xenopus SMC2 (xSMC2), but not with
an antibody against mSMC4. When endogenous condensins
were depleted (see Figure S1A for immunoblotting), the extract
lost its ability to assemble individual chromosomes (Figure 1B,
middle). Neither of the antibodies labeled the fuzzy mass of
chromatin formed in this extract. We found that addition of the
recombinant condensin I complex into the depleted extract effi-
ciently restored its ability to assemble individual chromosomes
(Figure 1B, lower). The structure assembled in this comple-
mented extract was positive for mSMC4 but not for xSMC2.
These results demonstrated that the recombinant holocomplex
of condensin I is fully functional in this particular assay (Note
that because the functional contribution of condensin II is very
minor in this cell-free assay [Ono et al., 2003; Shintomi and Hir-
ano, 2011], the addition of recombinant condensin I into extracts
depleted of both condensins is sufficient to assemble single
chromatids.)
We next wished to test how the ATP-binding and hydrolysis
cycle of SMC subunits might modulate condensin I. The
ATP-binding ‘‘head’’ domains of SMC ATPases resemble the
nucleotide-binding domains of ATP-binding cassette (ABC)
transporters. The postulated ATPase cycle of SMC proteins is
summarized in Figure 1C. In brief, Walker A (WA)mutations block
the step of ATP binding (Hirano et al., 2001), whereas transition-
state (TR)mutations stabilize head-head engagement by slowing
down the rate of ATP hydrolysis (Hirano and Hirano, 2004).
We introduced the corresponding mutations into both SMC sub-
units (WA, mSMC2 [K38I] and mSMC4 [K117I]; TR, mSMC2
[E1114Q] and mSMC4 [E1218Q]), and reconstituted two mutant
complexes accordingly (Figure 1D). Unlike the wild-type holo-
complex (hereafter referred to as holo[WT]), which was fullyDcompetent for supporting chromosome assembly in a conden-
sin-depleted extract (Figure 1E, upper), the Walker A mutant
complex (holo[WA]) failed to associate with chromatin (Figure 1E,
middle). Not surprisingly, no individual chromosomes were
formed in this extract (Figures 1E and 1F). The transition-state
mutant complex (holo[TR]) also failed to assemble chromo-
somes, although its loading onto chromatin was readily detect-
able (Figure 1E, lower; Figure 1F). These results indicated that
not only ATP binding, but also hydrolysis is required for proper
functions of condensin I.
Continuous ATP Hydrolysis Is Essential for Structural
Maintenance of Chromosomes
To assess the dynamics of condensin I in the egg extracts,
we prepared differentially tagged versions of the holocomplex in
which the CAP-H subunits was fused with either mCherry
or EGFP (Figure 2A, upper; Figure S1B), and set up the follow-
ing experiments (Figure 2A, lower). In this ‘‘sequential add-
back’’ assay, mCherry-tagged condensin I (first complex) was
mixed with a condensin-depleted extract, and preincubated for
30 min. Sperm chromatin was then added into this extract
and incubated for another 120 min to assemble mitotic chro-
mosomes. Finally, this assembly mixture was mixed with EGFP-
tagged condensin I (second complex) that had been preincu-
bated with another condensin-depleted extract. Aliquots were
taken at 0, 10, and 30 min after incubation, fixed, and processed
for immunofluorescence analyses. We reasoned that, if a chro-
mosome-boundpool of condensin Iwascontinuously exchanged
with an unbound pool present in the extract, the EGFP-tagged
version would efficiently be incorporated into the chromosomes.
In the first set of experiments, we tested the combination of
holo(WT)mCherry and holo(WT)EGFP (Figure 2B). It was confirmed
that holo(WT)mCherry was competent for supporting mitotic chro-
mosome assembly as the untagged version of holo(WT) complex
(Figure 2B, 00). As expected, the structure was positive for
mCherry but negative for EGFP. Ten minutes after addition of
holo(WT)EGFP, weak EGFP signals appeared on chromosomes
(Figure 2B, 100). Thirty minutes after addition, the signals became
stronger (Figure 2B, 300), indicating that the subsequently added
condensin I complexes were efficiently incorporated into the
preassembled chromosomes.
Next we repeated the same experiments using the combina-
tion of holo(TR)mCherry and holo(TR)EGFP (Figure 2C). Like the
untagged version of holo(TR), holo(TR)mCherry associated with
chromatin but failed to assemble individual chromosomes.
When holo(TR)EGFP was added into the assembly mixture, only
faint signals of EGFP were detectable even after 30 min incuba-
tion, indicating that the TRmutant complexes were incorporated
very slowly compared to the wild-type complexes.
In the final set of experiments, we assembled chromo-
somes with holo(WT)mCherry and then added holo(TR)EGFP(Fig-
ure 2D). Consistent with the results shown in Figure 2C, loading
of holo(TR)EGFP onto the chromosomes was very slow. Interest-
ingly, however, we noticed that the chromosome structure pre-
assembled with holo(WT)mCherry was disrupted over time. Thirty
minutes after addition of holo(TR)EGFP, either clear axial structure
or individual chromosomes were no longer observed. Thus, even
a very small amount of holo(TR) had a strong dominant-negative
effect over holo(WT). When the order of addition was reversed,evelopmental Cell 33, 94–106, April 6, 2015 ª2015 Elsevier Inc. 95
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Figure 1. ATP Binding and Hydrolysis by Condensin I Are Both Essential for Chromosome Assembly in Xenopus Egg Extracts
(A) Purification of the condensin I complex reconstituted from recombinant subunits. The five subunits of condensin I were co-expressed in insect cells, and
GST-tagged reconstituted complexes were purified through glutathione affinity chromatography. Protein samples at each step were subjected to SDS-PAGE,
and the gel was stained with CBB (lane 1, input [Ipt]; lane 2, flow-through [FT] fraction of glutathione Sepharose beads; lane 3, bead-bound [B] fraction; lanes
4–8, eluted [E1-E5] fractions; lane 9, fraction left on beads after elution [B0]; lane 10, pooled fraction [P = E1+E2]; lane 11, pooled fraction after concentration
[CP]).
(B) Add-back assay. Mitotic chromosomes were assembled by incubating sperm chromatin with mock-depleted (Dmock) extracts (top), or condensin-depleted
(Dcond) extracts supplemented with control buffer (middle) or with the recombinant condensin I complex (bottom). Each sample was fixed and doubly labeled
with antibodies against xSMC2 (green) andmSMC4 (red) to depict the endogenous Xenopus condensin and the recombinant mammalian condensin I complexes,
respectively. DNA was counterstained with DAPI (blue). The data from a single representative experiment out of two repeats are shown. In the experiment shown
here, all of the mock-depleted samples (n = 19) displayed well-formed chromosomes positive for xSMC2, whereas none of the condensin-depleted samples (n =
23) did. One hundred percent of the samples supplemented with recombinant condensin I (n = 13) displayed well-formed chromosomes, which were positive for
mSMC4 and negative for xSMC2. Scale bar represents 10 mm.
(C) A schematic view of the SMCATPase cycle. TwoATPmolecules are sandwiched between the head domains of the SMC2 andSMC4 subunits. Engagement of
the ATP-bound head domains triggers ATP hydrolysis, leading to their disengagement. Walker A (WA) mutations block the step of ATP binding, whereas
transition-state (TR) mutations slow down the rate of ATP hydrolysis.
(D) The wild-type (WT) and two ATPase mutant (WA and TR) complexes were reconstituted and subjected to SDS-PAGE. The gel was stained with CBB.
(E) Add-back assay. Condensin-depleted extracts were supplemented with the wild-type (WT) and ATPase mutant (WA and TR) complexes, and their abilities to
assemble chromosomes were analyzed as in (B). Each sample was labeled with the mSMC4 antibody to depict the recombinant complexes supplemented (red).
DNAwas counterstained with DAPI (blue). The data from a single representative experiment out of two repeats are shown. In the experiment shown here, all of the
(legend continued on next page)
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subsequently added holo(WT)EGFP failed to convert the chro-
matin mass produced with holo(TR)mCherry into chromosomes
(Figure S2). Taken together, we conclude that continuous ATP
hydrolysis not only supports turnover of condensin I, but also
is essential for structural maintenance of chromosomes.
Two HEAT Subunits Have Distinct Functions in Mitotic
Chromosome Assembly
One of the biggest advantages of our experimental system is that
we can reconstitute a panel of subcomplexes that lack the reg-
ulatory subunits one by one. Based on the subunit geometry of
condensin I reported in the previous study (Onn et al., 2007),
four different subcomplexes were reconstituted and purified
(Figures 3A and 3B). Among them, two tetramers that lack either
one of the HEAT subunits (CAP-D2 and CAP-G) were referred to
as DD2 and DG, respectively, whereas a trimer lacking both
HEAT subunits was termed DD2DG.
We found that none of these subcomplexes has the ability to
support proper assembly of mitotic chromosomes in Xenopus
egg extracts depleted of condensins (Figure 3C; see Figures
S3A and S3B for quantitative analyses of chromosome mor-
phology). For instance, the SMC2-4 dimer or the DD2DG trimer
associated poorly or only weakly with chromatin, failing to induce
substantial structural changes in chromatin. In the current study,
we hereafter focus on the two tetramers lacking either one of
the HEAT subunits, and investigate the distinct defective pheno-
types they produced in chromosome assembly. The DD2
tetramer bound to chromatin in a punctate manner: it failed to
produce clearly discernible chromosomes although subtle
conformational changes of chromatin were detectable. In strik-
ing contrast, the DG tetramer produced abnormal chromosome
structures with highly characteristic properties. As judged by
DAPI stain, each chromosome had a DNA-dense axial structure,
which was surrounded by a mass of chromatin with a fuzzy sur-
face. Even more striking was that the SMC4 signals were highly
concentrated on the axial structures and virtually undetectable in
the surrounding regions (Figure 3D). The differences between the
wild-type and DG chromosomes were further confirmed by line
scanning of the fluorescence signals (Figure 3D, graph). For
further comparison between the two types of chromosomes,
see Figures S3C and S3D.
Highly Unusual Properties of the DG Tetramer and Its
Resulting Chromosome Structures
To gain further insights into the axes assembled with the DG
tetramer, we examined the distribution of other chromosomal
proteins in the unusual structures. In chromosomes assembled
with the holocomplex, topoisomerase IIa (topo IIa) was distrib-
uted relatively uniformly along chromosomes (Figure 4A). In the
DG chromosomes, a fraction of topo IIa was clearly enriched in
the abnormal axis structures, whereas it was also readily detect-
able in the non-axis regions. This is in contrast with the distribu-
tion of the DG tetramer, which was largely undetectable in theWT samples (n = 17) displayed well-formed chromosomes positive for mSMC4,
samples (n = 26) were positive for mSMC4, but failed to form chromosomes. Sc
(F) For quantification of chromosome morphology as judged by the DAPI-staine
background that was estimated by average filtering of the original images. For eac
the STD values of all pixels within the chromatin area. **p < 0.01 by Mann-Whitn
Dnon-axis regions but concentrated on the axes. On the other
hand, the distribution of the linker histone B4 and a core histone
(as judged by the H3S10ph epitope) were very similar to DAPI-
staining patterns (Figure 4B), indicating that histones are present
in both axes and non-axis regions.
To further contrast the functional property of the DG tetramers
with that of the holocomplex or DD2 tetramer, we attempted to
assemble mitotic chromosomes under non-standard conditions.
We found that the holocomplex was still able to support assem-
bly of individual chromosomes at a high KCl concentration of
185 mM (the standard KCl concentration was 100 mM),
although they displayed a poor morphology (Figure 4C, upper).
The DD2 tetramer produced some fibrous structures, but dis-
played no sign of formation of individual chromosomes as judged
by SMC4 labeling (Figure 4C, middle). Surprisingly, the DG
tetramer produced a completely different structure under this
particular condition (Figure 4C, lower).Whereas sperm chromatin
partially swelled, subsequent structural changes were blocked,
resulting in formation of a sickle-shaped chromatinmass inwhich
no individual chromatin fibers were discernible. Even more
striking was the distribution of the DG tetramer, which was found
to be concentrated into the core of the sickle-shaped structure.
Thus, the non-standard assembly reactions provide an addi-
tional line of evidence that the two HEAT subunits make distinct
contributions to chromosome assembly in this cell-free assay.
A Subcomplex Lacking CAP-G Is Preferentially
Recruited to Preassembled Axes and Elongates Their
Structure
To gain more information about the functional properties of the
DG tetramer, we used this subcomplex in sequential add-back
assays. In the first set of experiments, we assembled mitotic
chromosomes with DG(WT)mCherry and then added holo(WT)EGFP
(Figure 5A). At 10 min after addition, holo(WT)EGFP became
detectable on the DG chromosomes very uniformly. Interest-
ingly, the thin axes that had been produced by the action of
DG(WT)mCherry were apparently disassembled at least in part at
this time point. By 30 min after addition, the distributions of
DG(WT)mCherry and holo(WT)EGFP largely overlapped with each
other, and the chromosome structures now displayed a
morphology similar to that produced with the holocomplex
alone. These results suggest that the abnormal chromosomes
produced by DG are not irreversible structures and can be
‘‘fixed’’ by subsequent addition of the holocomplex.
In the second set of experiments, the order of addition was
reversed: we first assembled chromosomes with holo(WT)mCherry
and then added DG(WT)EGFP (Figure 5B). We found that the sub-
sequent addition of DG(WT)EGFP clearly altered the chromosome
structure although only a very small amount of DG(WT)EGFP was
loaded even at 30 min after addition (see Figure S4A for addi-
tional characterization of DG(WT)mCherry and DG(WT)EGFP). The
chromosome axes were progressively extended lengthwise
and became thinner. Figure 5C shows a close-up view of thewhereas none of the WA samples (n = 20) did. One hundred percent of the TR
ale bar represents 10 mm.
d images shown in (E), the SD filter was applied to the images after removing
h sample, the representative value of the STD filter was obtained by averaging
ey U test.
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Figure 2. Continuous ATP Hydrolysis Is Essential for Structural Maintenance of Chromosomes
(A) Sequential add-back assay using differentially tagged versions of condensin I holocomplexes (holo). A condensin-depleted extract was supplemented with
mCherry-tagged condensin I (first) at time1500, and preincubated for 30min. Sperm chromatin was then added at time1200 and incubated for another 120min
to assemble mitotic chromosomes. EGFP-tagged condensin I (second) was then added at time 00. Aliquots were taken at time intervals, fixed, and processed for
immunofluorescence.
(B) holo(WT)mCherry and holo(WT)EGFP were used as the first and second complexes, respectively. A representative sample from each time point is shown here
(n = 20, 18, and 18 for time 00, 100, and 300, respectively).
(C) holo(TR)mCherry and holo(TR)EGFP were used as the first and second complexes, respectively. Bottom: to depict the low level of holo(TR)EGFP loaded at time 300,
the EGFP signals were enhanced by five times longer exposure (53) compared with the image shown in (B). A representative sample from each time point is
shown here (n = 17, 17, and 23 for time 00, 100, and 300, respectively).
(D) holo(WT)mCherry and holo(TR)EGFP were used as the first and second complexes, respectively. Bottom: the EGFP signals at time 300 were enhanced by five
times longer exposure (53) compared with the image shown in (B). A representative sample from each time point is shown here (n = 20, 22, and 20 for time 00, 100,
and 300, respectively). Scale bar represents 10 mm.
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30-min sample with 5-fold enhanced EGFP signals to visualize
the small amount of the DG(WT)EGFP loaded. It was noticed
that the incorporated DG was preferentially found along the
axes in a punctate fashion. Additional images showing the effect
of subsequently added DG are provided in Figure S5.
To test whether the ‘‘axis elongation’’ reaction might be regu-
lated by the SMC ATPase cycle, we replaced DG(WT)EGFP with
DG(TR)EGFP in a sequential add-back assay. Remarkably, unlike
DG(WT)EGFP, subsequently added DG(TR)EGFP neither associ-
ated with chromosomes nor altered the chromosome axes pro-
duced by holo(WT)mCherry (Figure 5D). Given our observation that
holo(TR) displayed a dominant-negative effect over the action of
holo(WT) (Figure 2D), this result further supports the idea that
CAP-G’s ability to associate with bulk chromatin contributes to
negative regulation of chromosome axis assembly (see Discus-
sion). For additional characterization of DG(TR) and DG(WA),
see Figure S6.
A Subcomplex Lacking CAP-D2 Destabilizes
Preassembled Axes
Next, we performed sequential addition assays in the combina-
tion of the DD2 tetramer and the holocomplex. In the first set
of experiments, we assembled mitotic chromosomes with
DD2(WT) mCherry and then added holo(WT)EGFP. It was found
that the subsequently added holo(WT)EGFP was progressively
loaded on the DD2 chromosomes with a poor morphology, but
failed to ‘‘fix’’ their structures (Figure 6A). In the second set of
experiments in which the order of addition was reversed, the
subsequently added DD2(WT)EGFP was loaded slowly on the
chromosomes preassembled with holo(WT)mCherry (Figure 6B).
We noticed that, at 30min after addition, part of the chromosome
axes was disrupted where DD2(WT)EGFP wasmost concentrated
(Figure 6B, lower, yellow circles). Thus, the action of the DD2
tetramer was strikingly different from that of the DG tetramer
as judged by the sequential add-back assays, too (see Fig-
ure S4B for additional characterization of DD2(WT)mCherry and
DD2(WT)EGFP).
Finally, we used the same assays to test whether the two
different mutant tetramers (DG and DD2) might functionally
interact with each other. We found that subsequently added
DD2(WT)EGFP slowly associated with the DG chromosomes but
did not disrupt their axis structures. DD2(WT)EGFP distributed
throughout the whole chromatin and did not overlap with the
axis structures in which the DG(WT)mCherry was enriched (Fig-
ure 6C, 300). When the order of addition was reversed, subse-
quently added DG(WT)EGFP failed to form axis structures. Again,
the signals of DD2(WT) mCherry and DG(WT)EGFP did not overlap
with each other in the final structure (Figure 6D, 300). Thus,
although each of theDD2 andDG tetramers functionally interacts
with the holocomplex in different ways, functional crosstalk be-
tween the two mutant tetramers, if any, is very limited.
DISCUSSION
Establishing Powerful Experimental Systems for
Dissecting the Mechanistic Action of Condensins
In Vitro
In the current study, we have combined Xenopus egg cell-free
extracts with a panel of recombinant condensin complexes toDdissect the mechanistic action of condensin I in vitro. It should
be emphasized that our cell-free assay has several advantages
over conventional genetics or siRNA-based knockdown ap-
proaches, especially when the function of individual subunits
of a multi-subunit complex is to be addressed. In many organ-
isms, each of the condensin I subunits is essential for cell
viability. When a conditional mutation is introduced into individ-
ual subunits (or a single subunit is knocked down), the whole
complex often gets destabilized (e.g., Savvidou et al., 2005),
making it difficult to assess the role of individual subunits
in vivo. In our cell-free assay, we deplete the endogenous com-
plexes, and then add-back mutant complexes. In this case, the
mutant complexes are stably present in the complemented ex-
tracts, allowing us to search for potentially different phenotypes
derived from them. Indeed, we find that the two mutant tetra-
mers, DD2 and DG, display completely distinct defective phe-
notypes in the chromosome assembly reaction. Furthermore,
we have devised sequential add-back assays that use a pair
of differentially tagged complexes. These assays enable us to
assess not only the exchange of complexes from chromo-
somes but also the functional crosstalk between two different
complexes.
Role of the SMC ATPase Cycle in Condensin Functions
The current analysis using the holo(WA) mutant complex demon-
strates that ATP binding by the SMC subunits is absolutely
essential for chromatin targeting of condensin I in our cell-free
assay. On the other hand, the hydrolysis-deficient holo(TR) com-
plex is loaded onto chromatin but fails to assemble individual
chromosomes. These results indicate that the steps of ATP
binding and hydrolysis have distinct contributions to condensin
functions. Equally important, our sequential add-back assays
demonstrate that the holo(WT) complex, but not holo(TR), turns
over rapidly on chromosomes. Remarkably, when holo(TR) was
added into chromosomes preassembled with holo(WT), the
chromosome structure was disrupted progressively, suggesting
that continued ATP hydrolysis by condensin I is essential for
structural maintenance of chromosomes even after the assem-
bly process is apparently complete. We consider two possibil-
ities of how holo(TR) might have a dominant-negative effect
over holo(WT). First, holo(TR) would bind to chromatin and
‘‘freeze’’ its conformation in an aberrant fashion so that indepen-
dently loaded holo(WT) could not work properly. Alternatively,
holo(TR) would disturb the action of holo(WT) more directly, for
instance, by disrupting its ATP-dependent intercomplex interac-
tions. Whatever the mechanism, our current results greatly
extend previous studies involving ectopic expression of SMC2
mutants in chicken DT40 cells (Hudson et al., 2008) and fluores-
cence-recovery-after-photobleaching analyses in HeLa cells
(Gerlich et al., 2006).
Balancing Acts of the Two HEAT Subunits during
Chromosome Axis Assembly
Our analysis using mutant subcomplexes uncovers distinct
roles of the two HEAT subunits of condensin I in chromosome
assembly. In particular, we were surprised to find that the sub-
complex lacking CAP-G (DG tetramer) produces a highly unique
chromosome structure in which an abnormally thin axis is sur-
rounded by a fuzzy mass of bulk chromatin. At first sight, theevelopmental Cell 33, 94–106, April 6, 2015 ª2015 Elsevier Inc. 99
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Figure 3. Two HEAT Subunits Have Distinct Functions in Mitotic Chromosome Assembly
(A) The holo- and subcomplexes of condensin I reconstituted in the current study. In addition to the five-subunit holocomplex (holo), four different subcomplexes
(DD2 tetramer, DG tetramer, DD2DG trimer, and SMC2-4 dimer) were reconstituted and purified.
(B) Purified holo- and subcomplexes were subjected to SDS-PAGE, followed by staining with CBB.
(C) Add-back assay. Condensin-depleted extracts were supplemented with the holocomplex (holo), the subcompexes (DD2, DG, DD2DG, or SMC2-4) or control
buffer (buffer), and analyzed as in Figure 1E. Each sample was labeled with antibodies against mSMC4 to depict the recombinant complexes supplemented (red).
DNAwas counterstained with DAPI (blue). The data from a single representative experiment out of two repeats are shown. In the experiment shown here, multiple
(legend continued on next page)
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structure assembled with the DG tetramer is reminiscent of his-
tone-depleted metaphase chromosomes prepared in a classical
series of experiments reported by Laemmli and colleagues (e.g.,
Paulson and Laemmli, 1977). Unlike the histone-depleted chro-
mosomes, however, the non-axis regions of the DG chromo-
somes do contain histones (and topo II), suggesting that intact
yet relaxed nucleosome loops radiate from the central axes in
these chromosomes.
The current data allow us to propose a model in which the
balancing acts of the two HEAT subunits plays a crucial role in
dynamic assembly of chromosome axes (Figure 7, i). According
to this model, the CAP-D2 subunit plays a primarily role in
assembling chromosome axes whereas the CAP-G subunits
antagonizes the action of CAP-D2. When the CAP-G subunit is
missing, the balance is compromised, resulting in the formation
of abnormal chromosomes with thin axes (Figure 7, ii). Con-
versely, when the CAP-D2 subunit is missing, the DD2 tetramer
binds to bulk chromatin but never assembles axes (Figure 7,
iii). This model is not contradictory to the recent report that
CAP-G is required for condensin I’s association with chromo-
somes in yeast and human cells (Piazza et al., 2014). Functional
interactions among these complexes, as revealed by the
sequential add-back assays, also provide us with valuable infor-
mation. Subsequently added holo(WT) reorganizes the unusual
axes produced by DG(WT) (Figure 5A), whereas DG(WT) effec-
tively elongates the axes preassembledwith holo(WT) (Figure 5B;
Figure 7, iv). The unique response observed in each experimental
setup could reflect different kinetics and different targeting
sites between the two complexes. On the other hand, DD2(WT)
has dominant-negative effects, either preventing holo(WT) from
assembling normal axes (Figure 6A) or destabilizing the axes
preassembled with holo(WT) (Figure 6B; Figure 7, v). Equally
important, DG(WT) and DD2(WT) bind to and act on chromo-
somes independently, regardless of the order of addition (Fig-
ures 6C and 6D), implicating that the two mutant tetramers do
not functionally crosstalk to each other (Figure 7, vi). Thus, to
observe functional interplays (either positive or negative) be-
tween two different complexes, each of the complexes must
contain the same type of HEAT subunits, implicating that
intercomplex crosstalks might involve homotypic HEAT-HEAT
interactions (i.e., D2-D2 or G-G). Despite substantial efforts,
however, we have so far been unsuccessful to obtain evidence
for direct and physical interactions among the HEAT subunits.
We speculate that the hypothetical HEAT-HEAT interactions
might be highly flexible and dynamic ones, which use their
spring-like surfaces (Forwood et al., 2010; Grinthal et al., 2010)
and are intricately regulated by the SMC ATPase cycle. We
also infer that such interactions would occur only on chromo-
somes, but not in solutions.
What Are Chromosome Axes?
What might the molecular nature of chromosome axes be?
Two pieces of information from the current study shed light onimages were collected for condensin-depleted extracts supplemented with the
complexes and buffer (n = 13). Scale bar represents 10 mm.
(D) Comparison of chromosome axes produced by the DG tetramer with those
counterstained (DNA, blue) as in (C). The signal intensities of DNA and mSMC4
intensity of grayscale images (a.u.); x axis, distance along the drawn lines (mm). S
Dethis long-term question in chromosome biology. First, although
DG(WT) is preferentially recruited to the axes of the holo(WT)
chromosomes and elongates them, DG(TR) does not bind to
the same chromosomes at all (Figure 7, vii). Interestingly, this
behavior of DG(TR) is also distinct from that of holo(TR), which
binds to and destabilizes the holo(WT) chromosomes (Figure 7,
viii). Thus, unlike the holocomplex, the DG tetramer demands
ATP hydrolysis even for its initial interaction with chromosomes,
further underscoring the dynamic nature of CAP-D2-mediated
axis assembly.
Second, our attempt to assemble chromosomes under
high-salt conditions further highlights the usual properties of
the DG tetramer. As discussed above, exposing isolated
chromosomes to a high concentration of salt had been one of
the classical methods for preparing histone-depleted chromo-
somes (Lewis and Laemmli, 1982; Paulson and Laemmli,
1977). The resultant ‘‘chromosome scaffold’’ fraction was later
shown to contain one of the condensin subunits, SMC2/Sc2
(Saitoh et al., 1994). Similar, if not identical, observations were
also made in Xenopus cell-free extracts: when an extra concen-
tration of salt is added into preassembled chromosomes, con-
densin subunits become highly concentrated on their central
axis regions (Hirano and Mitchison, 1994; Ono et al., 2003).
Although the physiological relevance of these observations has
been debated, it seems plausible to hypothesize that an increase
in ionic strength induces conformational changes of the hydro-
phobic core of the HEAT subunits (Kappel et al., 2010) and arti-
ficially stabilizes them on axis regions. In the current study, we
find unexpectedly that the DG tetramer makes salt-induced ag-
gregates even during the process of chromosome assembly (see
Figure 4C), thereby providing additional insights into the hitherto-
enigmatic properties of condensin components as well as the
physical nature of chromosome axes.
Finally, it should be added that axis-like structures could also
be formed by chromosomal components other than condensins.
For instance, a recent paper has reported that unusual axis
structures coated with cohesin (termed ‘‘vermicelli’’) become
detectable in unduplicated chromosomes when cohesin’s dy-
namics is greatly suppressed in the cell (Tedeschi et al., 2013).
Notably, the cohesin complex also has HEAT-containing regula-
tors (Nasmyth and Haering, 2005), raising the possibility that
cohesin and condensins might share a common mechanism of
action that provides chromosomes with their elastic properties,
as predicted by Grinthal et al. (2010).
Evolutionary Implications
Although protein complexes related to condensins are widely
conserved among prokaryotes, it is important to note that the
HEAT subunits are unique to eukaryotic condensins (Hirano,
2012). If the HEAT subunits play a crucial role in the assembly
of chromosome axes, as proposed in the current study, it is
tempting to speculate that acquisition of the HEAT subunits
during evolution could have provided condensins with anholo (n = 24), DD2 (n = 19), DG (n = 15), DD2DG (n = 11), SMC2-4 (n = 12)
assembled by the holocomplex. Each sample was labeled (mSMC4, red) and
were scanned along the yellow lines and plotted. y axis, relative fluorescence
cale bar represents 10 mm.
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Figure 4. Further Characterization of Chromosomes Assembled
with the DG Tetramer
(A) Condensin-depleted extracts were supplemented with the holocomplex
and the DG tetramer, and analyzed by immunofluorescence using antibodies
against topoisomerase IIa (topo IIa). Each sample was double-labeled with
antibodies against topo IIa and mSMC4. DNA was counterstained with DAPI.
Representative samples are shown here (n = 20 and 22 for holo and DG,
respectively). Scale bar represents 10 mm.
(B) Chromosomes assembled as in (A) were labeled with antibodies against
histones. Samples were labeled with antibodies against linker histone B4 (left)
or against histone H3 phospho-Ser10 (H3S10ph, right). Representative sam-
ples are shown here (linker histone B4, n = 16 and 22 for holo and DG,
respectively; H3S10ph, n = 21 and 19 for holo and DG, respectively). Scale bar
represents 10 mm.
(C) Condensin-depleted extracts were supplemented with the holocomplex
(holo) or the subcomplexes (DD2 or DG), and chromosomes were assembled
under a non-standard condition with a high concentration of salt (185 mM
KCl). Samples were labeled with antibodies against mSMC4 (red). DNA
was counterstained with DAPI (blue). Representative samples are shown here
(n = 20, 17, and 29 for holo, DD2, and DG, respectively). Scale bar represents
10 mm.
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eukaryotic chromosomes (see Figure S7). Devising such a new
strategy of genome packaging, most likely being coupled with
acquisition of nucleosome structures, might have enabled or-
ganisms to organize and manipulate a set of linear chromo-
somes with dramatically increased lengths.
EXPERIMENTAL PROCEDURES
Expression and Purification of Recombinant Condensin Subunits
To express condensin subunits in insect cells, we used the Bac-to-Bac Bacu-
lovirus Expression System (Life Technologies). Full-length cDNAs for mouse
SMC2 (mSMC2, NM_008017) and SMC4 (mSMC4, NM_133786) were ob-
tained from the IMAGE Consortium (distributed by Open Biosystems) and
subcloned into pFastBac Dual vector to co-express mSMC2 and mSMC4
from a single construct (pFastBac-mSMC2-mSMC4). At the NH2-terminus of
mSMC4, aGST-tag fused to the 3C protease site was introduced. To construct
ATPase mutants of the mSMC2-4 dimer, point mutations were introduced into
pFastBac-mSMC2-mSMC4 by using QuikChange II XL Site-Directed Muta-
genesis Kit (Agilent Technologies). Primers used for mutagenesis were as fol-
lows (mutation sites introduced were underlined): KZ109 (mSMC2 Walker A
[K38I]), 50-GGTAGTGGAATATCCAACATATTGG-30; KZ111 (mSMC4 Walker
A [K117I]), 50-GGCAGTGGAATATCCAATGTTATTG-30; KZ117 (mSMC2 Tran-
sition state [E1114Q]), 50-CAATTTATATCTTGGATCAGGTGGATGCGG-30;
KZ119 (mSMC4 Transition state [E1218Q]), 50-CTACTTCATGGATCAGATT
GATGCAGC-30. Constructs for expressing untagged or His-tagged versions
of human non-SMC subunits (hCAP-D2, hCAP-G and hCAP-H) were
described previously (Onn et al., 2007). For purification of differentially tagged
versions of complexes, full-length cDNA for hCAP-H was fused to mCherry or
EGFP at its NH2 terminus and subcloned into pFastBac vector. Bacmid DNAs
were prepared according to themanufacturer’s instructions and baculoviruses
were amplified in Sf9 cells (Life Technologies). To reconstitute holocomplexes
or subcomplexes, High Five cells (Life Technologies; 2–43108 cells) were co-
transfected with the recombinant viruses in appropriate combinations and
were grown at 29C for 48 hr. The cells were harvested, resuspended
in 40 ml of lysis buffer (10 mM K-HEPES [pH 7.7], 150 mM KCl, 2 mM
MgCl2, 0.1 mM CaCl2, 5 mM EGTA, 50 mM sucrose, 0.1% Triton X-100, and
2.5 U/ml Benzonase [Novagen]), lysed by sonication, and clarified by centrifu-
gation. The clear lysates were supplemented with extra KCl at a final concen-
tration of 300 mM and incubated with 4 ml of Glutathione Sepharose 4B beads
(GE Healthcare) at 4C for 1 hr to capture complexes containing the GST-
tagged mSMC4 subunit. The beads were then packed into a 5-ml disposable
column (QIAGEN) and washed with ice-cold purification buffer (10 mM
K-HEPES [pH 7.7], 300 mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 5 mM EGTA,
50 mM sucrose, and 1 mM DTT). To remove non-specifically bound heat-
shock proteins, the beads were incubated with 4 ml of purification buffer (sup-
plemented with 2 mM ATP and extra 8 mM MgCl2) at room temperature for
20 min. After being washed with purification buffer again, the beads were
treated with PreScission proteases (GE Healthcare) in the purification buffer
at 4C overnight. Fractions containing released protein complexes were
pooled and concentrated with Amicon Ultra-15 (Merck Millipore). Typical
yields of complexes purified by this procedure were 0.2–0.5 mg.
Preparation of Xenopus Egg Extracts and Immunodepletion
Mitotic high-speed supernatants (HSS) were prepared from Xenopus egg ex-
tracts made in XBE2 (10 mM K-HEPES [pH 7.7], 100 mM KCl, 2 mM MgCl2,
0.1 mMCaCl2, 5 mM EGTA, and 50 mM sucrose) as described previously (Hir-
ano et al., 1997). For complete depletion of Xenopus endogenous condensins I
and II, two rounds of immunodepletion were performed using Dynabeads Pro-
tein A (Life Technologies) as described previously (Funabiki and Murray, 2000;
Kimura andHirano, 2000) with the followingmodifications. Amixture of 12.5 mg
of affinity-purified anti-xCAP-D2 or anti-xCAP-G, 6.25 mg of affinity-purified
anti-xSMC4 (xCAP-C) and anti-xSMC2 (xCAP-E) was coupled to 100 ml of
the beads. The antibody-coupled beads were washed twice with PBS-TX
(PBS, 0.1% Triton X-100) and twice with XBE2. For the first round of depletion,
100 ml of HSS was incubated with the anti-xCAP-D2/xSMC2/xSMC4 beads at
4C for 30 min on a laboratory rotating wheel. The supernatants were.
BA
0’
10’
mCherry EGFPEGFPmCherryDNA
30’
C
EGFP(5x)
0’
10’
mCherry EGFPEGFPmCherryDNA
30’
10’ 30’0’
ΔG(WT)mCherry holo(WT)EGFP
10’ 30’0’
holo(WT)mCherry ΔG(WT)EGFP
D
0’
10’
mCherry EGFPEGFPmCherryDNA
30’
10’ 30’0’
holo(WT)mCherry ΔG(TR)EGFP
mCherry
EGFP
mCherryDNA
2.5x
2.5x
2.5x
ΔG
120’
+holo
10’ 20’
ΔG axis axis reformed
holo
120’
+ΔG
30’
holo axis
axis
elongated
Figure 5. The DG Tetramer Is Preferentially Recruited to Chromosome Axes and Elongates Their Structure
(A) Sequential add-back assay was performed as shown in Figure 2B. mCherry-tagged DG(WT) and EGFP-tagged holo(WT) were used as the first and second
complexes, respectively. A representative sample from each time point is shown here (n = 14, 14, and 15 for time 00, 100, and 300, respectively). Scale bar
represents 10 mm.
(B) holo(WT)mCherry and DG(WT)EGFP were used as the first and second complexes, respectively. A representative sample from each time point is shown here
(n = 23, 25, and 40 for time 00, 100, and 300, respectively). Additional images showing the effect of subsequently added DG are provided in Figure S5.
(C) Close-up images of the 300 sample shown in (B). To depict the low level ofDG(WT)EGFP loaded, the EGFP signals were enhanced by five times longer exposure
(53) compared with the image shown in (B). Scale bar represents 5 mm.
(D) holo(WT)mCherry and DG(TR)EGFP were used as the first and second complexes, respectively. The EGFP signals were enhanced by 2.5-times longer exposure
(2.53) compared with the image shown in (A) and (B). A representative sample from each time point is shown here (n = 8, 7, and 10 for time 00, 100, and 300,
respectively). Scale bar represents 10 mm.
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Figure 6. The DD2 Tetramer Destabilizes Chromosome Axes Assembled with the Holocomplex but Not Those Assembled with DG
(A) Sequential addition assay was performed as shown in Figure 2B. mCherry-tagged DD2(WT) and EGFP-tagged holo(WT) were used as the first and second
complexes, respectively. A representative sample from each time point is shown here (n = 12, 14, and 17 for time 00, 100, and 300, respectively).
(B) holo(WT)mCherry andDD2(WT)EGFP were used as the first and second complexes, respectively. To depict the low level ofDD2(WT)EGFP loaded, the EGFP signals
were enhanced by 2.5-times longer exposure (2.53) compared with the image shown in (A). A representative sample from each time point is shown here (n = 17,
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(C) DG(WT)mCherry andDD2(WT)EGFP were used as the first and second complexes, respectively. To depict the low level ofDD2(WT)EGFP loaded, the EGFP signals
were enhanced by 2.5-times longer exposure (2.53) compared with the image shown in (A). A representative sample from each time point is shown here (n = 26,
18, and 25 for time 00, 100, and 300, respectively).
(D) DD2(WT)mCherry and DG(WT)EGFP were used as the first and second complexes, respectively. To depict the low level of DG(WT)EGFP loaded, the EGFP signals
were enhanced by 2.5-times longer exposure (2.53) compared with the image shown in (A). A representative sample from each time point is shown here (n = 13,
13, and 12 for time 00, 100, and 300, respectively). Scale bar represents 10 mm.
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Figure 7. A Model for Dynamic Assembly of
Chromosome Axes by Condensin I
With the condensin I holocomplex (holo[WT]),
balancing acts of the two HEAT subunits (CAP-D2
and CAP-G) support the assembly of chromo-
somes with dynamic axes (i). CAP-D2 positively
acts for axis assembly whereas CAP-G apparently
antagonizes the action of CAP-D2. Importantly,
ATP binding and hydrolysis are both essential for
this assembly reaction. The DG tetramer (DG[WT])
produces chromosomeswith abnormally thin axes
(ii), whereas the DD2 tetramer (DD2[WT]) produces
chromatin masses with no axes. When DG(WT) is
added into chromosomes preassembled with the
holocomplex, it is recruited preferentially to their
axes and elongates them (iv). In contrast, addition
of DD2(WT) destabilizes the preassembled axes
(v). On the other hand, DG(WT) and DD2(WT) do
not crosstalk and behave independently (vi). The
DG tetramer with hydrolysis-deficient mutations
(DG[TR]) does not bind to the preassembled
chromosomes at all, having little effect on their
structure (vii). When the same mutations are
introduced into the holocomplex (holo[TR]), the
resultant complex binds to the chromosomes and
destabilizes their structures (viii).separated from the beads with magnets, transferred to a new tube, and then
subjected to the second round of depletion with the anti-xCAP-G/xSMC2/
xSMC4 beads. After incubation at 4C for 30min, the supernatants were sepa-
rated from the magnetic beads and used as condensin-depleted extracts.
Chromosome Assembly Assays Using Xenopus Egg Extracts
For standard add-back assays, condensin-depleted extracts were supple-
mented with purified recombinant complexes (16–35 nM) and an energy mix
(1 mM MgATP, 10 mM creatine phosphate, and 50 mg/ml creatine kinase),
and preincubated at 22C for 30 min. Sperm chromatin was then added at
a final concentration for 1–2 3 103 nuclei/ml and incubated for another
120 min to assemble chromosomes. In some experiments, condensin-
depleted extracts were mixed with recombinant complexes and sperm
chromatin, and incubated at 30C for 90 min. After incubation, the reaction
mixtures were fixed and processed for immunofluorescence analyses as
describe below. For sequential add-back assays using differentially tagged
versions of recombinant complexes, condensin-depleted extracts were mixed
with first complexes containing mCherry-tagged hCAP-H and preincubated at
22C for 30 min. Sperm chromatin was then added into the mixture and incu-
bated for 120 min to assemble chromosomes. Second complexes containing
EGFP-tagged hCAP-H that had also been preincubated with condensin-
depleted extracts were added into the mixture at time 0, and incubation was
continued for another 30 min. Aliquots were taken at 0, 10, and 30 min, and
processed for immunofluorescence analyses.
Immunofluorescence Analyses
Immunofluorescence for chromosomes assembled in the extracts was per-
formed as described previously (Ono et al., 2003; Shintomi and Hirano,
2011) with minor modifications. Ten microliters of reaction mixtures were
fixed with 100 ml of 2% paraformaldehyde in XBE2 containing 0.1% Triton
X-100 at room temperature for 10 min, centrifuged onto coverslips, and pro-
cessed for immunofluorescence. Anti-linker histone B4 antibody was a gift
from Dr. Keita Ohsumi (Ohsumi et al., 1993; Shintomi et al., 2005). For double
immunolabeling with antibodies against Xenopus and mouse condensin sub-
units, coverslips were first incubated with anti-mSMC4 antibody (Lee et al.,
2011), followed by incubation with Alexa Fluor 568-conjugated anti-rabbit
IgG (Life Technologies). The coverslips were treated with nonimmune rabbit
IgG (at a final concentration of 0.5 mg/ml) to saturate open IgG-binding sites inDethe secondary antibody, and then incubated with biotin-labeled anti-xSMC2
antibody, followed by incubation with Alexa Fluor 488 streptavidin conju-
gates (Life Technologies). For the sequential add-back assays, rabbit anti-
bodies against GFP (MBL) and mouse antibodies against mCherry (Clontech)
were used for detection of the tagged subunits. After counterstaining with
DAPI, the coverslips were mounted on slides with Vectashield mounting me-
dium (Vector Laboratories) and examined with an Olympus BX51 microscope
equipped with a cooled charge-coupled device camera. Grayscale images
were pseudocolored and merged by using Photoshop (Adobe). For measure-
ment of the signal intensity of DNA and mSMC4, the immunofluorescence
signals on the scanned line were quantified by using the plot profile function
of the ImageJ software (http://imagej.nih.gov/ij/). The details of quantification
of chromosome morphology are described in the Supplemental Experimental
Procedures.
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